Abstract: Silicon alloys have the highest specific capacity when used as anode material for lithium-ion batteries, however, the drastic volume change inherent in their use causes formidable challenges toward achieving stable cycling performance. Large quantities of binders and conductive additives are typically necessary to maintain good cell performance. In this report, an only 2% (by weight) functional conductive polymer binder without any conductive additives was successfully used with a micron-size silicon monoxide (SiO) anode material, demonstrating stable and high gravimetric capacity (> 1000 mAh/g) for ~500 cycles and more than 90% capacity retention. Prelithiation of this anode using stabilized lithium metal powder (SLMP®) improves the first cycle Coulombic efficiency of a SiO/NMC full cell from ~48% to ~90%. The combination 2 enables good capacity retention of more than 80% after 100 cycles at C/3 in a lithium-ion full cell.
Considerable efforts have been devoted to increasing the energy densities of lithium-ion batteries, in order to fulfill the demand for application in consumer electronics and electric vehicles (EVs)/plug-in hybrid vehicles (PHEVs). To further increase the energy density of the lithium-ion battery, new materials are being developed for higher capacity or increased cell voltage. All these materials choices pose new challenges when integrated into the lithium-ion electrode and into practical cell geometry. State-of-the-art lithium-ion technology uses graphite as an anode, with a theoretical gravimetric specific capacity of 372 mAh/g, while the alternative alloy anode materials such as tin (Sn, 994 mAh/g) or silicon (Si, 4200 mAh/g) have much higher gravimetric specific capacities. 1 However, almost 300% volume expansion occurs as the material transitions from Si to its fully lithiated phase. 2 Because of this large volume change, the electronic integrity of the composite electrode is disrupted, and high and continuous surface side reactions are induced, leading to a drastic capacity decay. 3 Associated with these problems is that most of the current approaches in Si materials research have only achieved an areal capacity less than 1 mAh/cm 2 4 unless electrode architecture designs are integrated into the electrode fabrication process. 5, 6 Silicon monoxide (SiO) has been considered a promising alternative anode material for lithium-ion batteries (LIBs). The study of the microstructure of SiO and its transformation during lithiation and delithiation have been on-going topics. 7 A random mixture model is normally used to describe the microstructure of SiO, which indicates that SiO has two separate phases in nanodomain, Si (Si 0 ) and SiO 2 (Si 4+ ). 8, 9 The SiO 2 inactive phase could buffer the volume change during lithiation and delithiation of the Si phase, as well as alleviate the stress during cycling and restrain the pulverization of the active Si phase. Most of the SiO-based materials have capacities at 4 1000~2000 mAh/g. The higher specific capacity leads to faster capacity decay. With a specific capacity of ~1000 mAh/g, the volume change is limited to ~50% on the particle level. The high specific capacity (three times that of carbon) and relatively low volume expansion, combined with a small initial specific surface area, make the SiO materials an attractive alternative to pure Si or Sn materials. However, the usage of SiO as an additive in a graphite electrode has been limited into a few percent due to the lack of an effective method to assemble high concentration of SiO materials. Strong adhesion is required to withhold the electrode structure of SiO during charge and discharge, as is uniform electronic conduction at the particle interface level and electrode level.
Although a higher concentration of binder and conductive additive can fulfill these requirements, these inactive species (binder and carbon black) decrease the electrode level energy density to the extent that makes it less competitive than the state-of-the-art graphite electrode.
In this work, we demonstrate a SiO electrode with a high concentration (98%) of active SiO and only 2% of binder without any conductive additives. This SiO electrode can be reversibly cycled for 500 times with more than 90% capacity retention. The SiO electrode has a reversible capacity three times higher than that of the graphite electrode. The prelithiation of this anode using stabilized lithium metal powder (SLMP®) improves the first-cycle coulombic efficiency of a SiO/NMC full cell from ~48% to ~90%. A practical lithium ion cell shows good capacity retention of more than 80% after 100 cycles at a C/3 rate. The SiO material and functional conductive polymer binder. The SiO materials are made into micron-size particles with specific surface area of 1~10 m 2 /g, depending on the particle sizes, as opposed to the surface area of typical nano-Si materials at 20~100 m 2 /g. 10 Unlike Si material that exposes the reactive Li x Si phase to the electrolytes during the lithiation process, most of the reactive Si phases are enclosed in the SiO 2 matrix (Figure 1a, b, d ). The side reactions between electrolytes and Li x Si during charge and discharge are significantly reduced. However, the introduction of the SiO 2 phase and the micron size of the particle significantly reduce the electronic conduction of the particles. 11 A carbon coating (~ 10 wt%, by elemental analysis) on the surface of SiO particle is used to increase the electronic conductivity ( Figure 1a, b, d ). 12 This carbon coating can be controlled to be a porous structure with a partially exposed SiO surface ( Figure 1a ) to facilitate ion transport. The BET method shows that the surface area of the particle 6 is 11.92 m 2 /g, with a calculated particle diameter of 234 nm. A bimodal size distribution of SiO particles is shown by both particle size analysis (PSA, Figure S1a ) and SEM ( Figure S1b ), with small particles of 1~2 µm and big particles of >10 µm. The larger surface area measured by BET also indicates the porous nature of the carbon coating on the SiO particle surface, which is further corroborated by the XPS data (O 1s and C 1s) of the pristine carbon-coated SiO particles in Figure   1 c and d. Both the carbon coating and the SiO 2 are clearly detected on the particle surface. Although SiO has demonstrated good cyclability and low surface reaction, 14 two major obstacles limit this material of reaching its full potential in LIBs: the excessive volume change of the micron-size particles, and the consumption of Li (low first-cycle coulombic efficiency) during the activation process. The large volume change causes the failure between the adhesive binder 7 and the SiO materials. 15 More conductive additives and binder have to be used to fabricate an electrode with an acceptable conductivity and mechanical strength to withstand the volume change. 16, 17 The use of excessive inactive materials significantly reduces the electrode level capacity close to the graphite-based electrode. However, a functional conductive polymer binder, Poly (9,9-dioctylfluorene-co-fluorenone-co-methylbenzoic ester) (PFM, Figure 2b ), was developed by combining adhesion and electrical conduction to provide molecular-level electronic connections between the active material and the conductive polymer matrix. 18, 19, 20 The polar ester functional group, which is designed for the adhesion with the SiO 2 surface, is especially suitable shown in Figure 2d . 21 The detection of high contents of the SiOO(C 6 H 3 ) -species at the interface of the binder and Si confirms that the SiO active material particles are bonded with PFM, which could be further corroborated by the TOF-SIMS data shown in Figure S2 . Since the SiO 2 domains remain dimensionally stable in subsequent charge and discharge reactions after the first-cycle lithiation, and they are part of the stable surface of the SiO materials, the adhesion between PFM and SiO materials is much more effective than with Si in the previous report. 18 Moreover, the use of the conductive PFM binder eliminates the use of a conductive additive. The improved adhesion between PFM and SiO, combined with the conductive nature of PFM, considerably increases the loading of active material and improves the energy density of the lithium-ion cell. compositions, the cell capacities initially slightly increase to a peak capacity value, then decrease to maintain a stable cycling performance. The initial capacity fluctuation is due to the wetting of the PFM-based laminate. When using a similar functional conductive polymer binder with improved polarity for wetting, cell capacity is stable, and there is no initial capacity fluctuation.
Results
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The functional conductive polymer binder PFM enables SiO electrode to maintain a reversible capacity of 1,000 mAh/g for over 400 cycles with a 2% to 10% PFM binder. The minor capacity decay in all cases can be traced to the decay and dendrite formation at the lithium counter 9 electrode, as indicated by the formation of the mossy lithium on the surface of the lithium metal after the long-term cycling shown in Figure S4 . Figure S4 also shows that the SiO electrode maintains the mechanical integrity with only 2% PFM after extended full capacity cycling. Figure   3b indicates the loading of the SiO electrodes. The PFM content at 2% can successfully enable long-term full capacity reversible cycling of the SiO anode with ~1 mAh/cm 2 areal loading. The higher the areal loading, more binder is needed to maintain stable capacity. 22 The SiO electrode with a 10% binder is able to maintain an areal capacity of 2 mAh/cm 2 for about 100 cycles. This also demonstrated the importance of adhesion in accommodating stress and maintaining electrode mechanical stability. Note that most of the previous work in the development of a silicon electrode for LIBs only has an areal capacity less than 1 mAh/cm 2 . 4 SiO x /SiO y bilayer nano-membranes were recently developed as anodes, which reaches a capacity of ~1200 mAh/g at C/10 for 100 cycles. 14 A SiO-Sn x CoyC z anode showed a capacity of ~1000 mAh/g at C/10 for 100 cycles. 23 Helical silicon/silicon oxide core-shell structure was used as anode on to the surface of bulk silicon, although a high specific capacity was shown (~1700 mAh/g), but only lasted for ~70 cycles. 24 Note that the SiO anode enabled by conductive polymer binder exhibits long term cycling stability (over 500 cycles) with high capacity (900~1000 mAh/g), the loading (areal capacity of ~2 mAh/cm 2 ) is high compared to most literature reports, and this optimum performance only requires 5% conductive polymer and 95% active SiO materials without any conductive additives.
Compared to conventional binders, the advantage of the conductive PFM binder is further confirmed in Figure 3c . The PVDF binder has no electric conductivity, nor does it chemically bond with SiO, therefore fast fading occurs and the capacity drops to almost zero after 20 cycles. 10 The CMC binder has carboxylate functional groups that are known to form chemical bonding with the surface hydroxide group on Si-based materials, however, the CMC binder lacks electric conductivity. 25 The bonding with only 5% CMC binder in the laminate was not able to maintain good electrochemical performance. The SiO electrode only needs as little as 2% functional conductive PFM binder to outperform most other binders. The voltage curves of the fifth cycle and sixtieth cycles almost overlap, indicating minimum capacity decay during cycling. Figure S5 shows the TEM morphologies of pristine SiO electrodes with 2% PFM and after 30 cycles at C/10.
The crystalline phase disappears after cycling, corresponding to the transition of the crystalline silicon to an amorphous phase, which is confirmed by the completely blurred electron diffraction image. The TEM image after 30 cycles ( Figure S5b ) also shows that the PFM polymer indeed maintains the mechanical integrity of electrodes throughout the battery operation. However, the TEM images of the surface of the particles before and after cycling are similar, without a thick layer of electrolyte-decomposed products on the cycled SiO particles. 26 The SEM electrode morphologies of the three PFM-based electrodes were also characterized and are shown in Figure   S6 . The polymer network is very important to maintain the structure of the electrode, which was also shown recently by other binder chemistry. 27 An apparent large porosity is also shown in the pristine electrode image, and electrolyte decomposition clearly occurs after one cycle. The SEM images show that the solid electrolyte interphase (SEI) products are not excessive. This controlled SEI formation plays an important role 28, 29 for the long-term reversible cycling shown in Figure 3 .
With 5% PFM, the CE of the cell is as high as 99.62% at the sixtieth cycle. High CE is critical for the long-term stable cycling of the anode electrode and better capacity retention at the full cell level. The first cycle CE is only ~65% ( (Figure 4b) . 33, 34 SLMP prelithiation of a silicon-carbon nanotube anode was shown to improve the first cycle CE in a full cell from 52% to almost 100%. 35 A recent study from our group also showed that prelithiation of graphite effectively compensated for the first-cycle loss and formed a fully functional SEI on the graphite anode, in both a half cell and a graphite/NMC full cell. Full cell performance improved by SLMP. SLMP was directly loaded on top of the dried SiO anode, which proved to be a simple and effective way of applying SLMP. 36 The amount of loaded SLMP was calculated to theoretically eliminate all the irreversible capacity in the first cycle. A calendar machine was used to pressure-activate the SLMP particles (Figure 4a ). This operation breaks the lithium carbonate (Li 2 CO 3 ) shell and allows lithium to be in direct electrical contact with the SiO materials in the anode. 37 The shape change of SLMP could be seen before 
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In a typical Si system, the surface Si element participates in the alloy reaction with the lithium elements. The potential bond breaking between the Si surface and binder weakens the adhesion over cycling, so a high concentration of binder is required. 39 However, in the SiO system, the nano-Si domains are distributed in the SiO 2 matrix. The surface is predominately SiO 2 , and it does not participate in the alloy reaction; rather, it maintains the surface functional bonding during cycling. The existence of the enhancing SiO 2 domains on the surface allows the use of less binder but achieve similar binding strength. Because of the existence of the stable SiO 2 phase, the binder functions very effectively during cell operation. Also, a special electrode design is required to accommodate the large volume change of Si during cycling to build a higher-loading electrode. 5, 6 SiO, with nano-active Si domains dispersed in the silica as a buffer phase, not only has improved dimensional stability and reduced side reactions, but also improves adhesion in combination with the functional conductive polymer binder. The ester bond between the adhesion functional group of the PFM and SiO 2 matrix surface (Figure 2c ) is maintained throughout the lithiation and delithiation process. Therefore, A high-concentration and areal-loading SiO (~1000 mAh/g) electrode can be achieved, as shown in Figure 3 . 40 The SiO electrodes with 2% to 10% PFM functional conductive polymer binder have at least three times more practical energy density than that of a state-of-the-art graphite electrode.
The calculated energy densities of the NMC/SiO full cell ( Figure S10 ) indicate that the application of SLMP to prelithiate SiO enables 20%~30% improvement compared to the graphite/NMC full cell. However, without SLMP prelithiation, the SiO/NMC full cell only delivers ~70% of the capacity of the state-of-the-art graphite/NMC due to the consumption of lithium during SiO activation. SiO has attracted more and more attention recently as promising 15 anode candidate for LIBs, however, high active material content and the compensation for the first cycle irreversible capacity, are critical to achieve the full potential of this material.
In conclusion, SiO electrodes were cycled in stable and high gravimetric capacity (>1000 mAh/g) using a functional conductive polymer binder in composite electrodes. Compared to other conventional binders such as PVDF and CMC, the conductive functional polymer binder used in the SiO system shows obvious advantages because of its electrical conductivity and strong adhesion. The loading of SiO in the electrode can be as high as 98 wt%, and the half cell with this laminate shows a capacity higher than 1000 mAh/g up to ~ 500 cycles. The use of SLMP improves the first cycle CE from ~48% to ~90%, and greatly enhances the energy density of the SiO/NMC full cell. The combined strategy of using both a functional conductive polymer binder and an SLMP prelithiation solves the volume expansion and low first-cycle coulombic efficiency problems, leading to a high-energy lithium-ion chemistry.
